Abstract Right-angle branched filaments and rods micromanipulated from activated sludge foam and mixed liquor were identified as putatively novel members of the genera Gordonia, Mycobacterium and Rhodococcus using a combination of chemical, molecular and morphological data. Pyrolysis mass spectrometric analyses of gordoniae isolated in both the present and a previous study revealed pyro-groups, distinct from validly described Gordonia species, which could be equated with those based on morphological properties and 16S rDNA data. Putative gordoniae assigned to one of these groups were found to be closely related to strains currently identified as "Rhodococcus australis". These strains were also found to have properties consistent with their classification in the genus Gordonia. The results of this study highlight the limitations of the microscopic approach to filament identification and cast further doubt on the view that foaming can be attributed to members of one or a few Nocardia species.
Introduction
The formation of "filamentous foams" in activated sludge plants presents a major process control problem world-wide, and has proven extremely difficult to prevent or control in the three decades since the phenomenon was first reported (Soddell, 1999) . Indeed, the development of modern biological nutrient removal systems has given rise to new foaming problems that plague even the most advanced treatment facilities (Pitman, 1996) . Foaming is most commonly attributed to extensive, uncontrolled growth of Gram-positive branched filaments, which are typically regarded as members of the mycolic acid-containing actinomycete "Nocardia amarae" (Lechevalier and Lechevalier, 1974) or referred to collectively as "Nocardia spp." (Eikelboom, 1975; Eikelboom and van Buijsen, 1983; Jenkins et al., 1993) . The isolation of branched filaments belonging to related mycolic acid-producing taxa has led to the introduction of terms such as Nocardia amarae-like organisms (NALOs) and with the reclassification of N. amarae in the genus Gordonia as Gordonia amarae (Klatte et al., 1994) , Gordonia amarae-like organisms (GALOs; Soddell, 1999) .
Skermania piniformis strains (the "Pine Tree-Like Organisms"; PTLOs) are considered micro-morphologically distinct from other mycolic acid-containing organisms associated with foam on the basis of branching pattern and filament length . However, the observation of filaments that possess both acute and right-angled branching , and in our laboratory, of tsukamurellae that form acuteangle branches in pure culture (unpublished data) suggest that not all organisms possessing this morpho-type can be accurately identified as Skermania piniformis. The term "nocardioforms" has also been used for the collective description of mycolic acid-containing taxa that grow as branched filaments in foam (Soddell et al., 1992) . However, this term encompasses a taxonomically diverse group of aerobic actinomycetes which form mycelia that fragment into pleomorphic elements. Given the limitations of morphology and the unreliability of staining methods, the microscopic approach to filament identification has inevitably led to misidentification and a gross underestimation of the true diversity of bacteria, in particular actinomycetes, present in foam.
The advent of polyphasic taxonomy has revolutionised the classification and identification of mycolic acid-producing bacteria, including those associated with foams Goodfellow, 2000) . Members of mycolic acid-containing actinomycetes have many features in common, form a distinct phyletic line, and are currently classified in the genera Corynebacterium, Dietzia, Gordonia, Mycobacterium, Nocardia, Rhodococcus, Skermania, Tsukamurella and Williamsia primarily using a combination of chemical, molecular and morphological properties (Chun et al., 1996; Goodfellow et al., 1999; Kämpfer et al., 1999) . These organisms are assigned to six families within the suborder Corynebacterineae (Stackebrandt et al., 1997) . Recent selective isolation studies have revealed the presence of members of several mycolate genera in foam, including Gordonia (Soddell et al., 1997; Goodfellow et al., 1996) , Mycobacterium (Soddell et al., 1992) Rhodococcus , Skermania (Blackall et al., 1989; and Tsukamurella Seong et al., 1999) . Micromanipulation has been employed to isolate many of these filamentous bacteria from foam and mixed liquor samples (Blackall et al., 1989; Tandoi et al., 1992; Seong et al., 1999) . However, the emphasis on conspicuous filamentous morpho-types inevitably means that unicellular rods and coccoid forms, including mycolic acid-containing strains are ignored hence both the diversity and the role of these organisms in activated sludge foaming may be underestimated (Davenport et al., 2000; Lemmer et al., 2000) .
Knowledge of the taxonomic and physiological diversity and key functional roles of mycolic acid-containing actinomycetes in activated sludge is a prerequisite for understanding their ecology and for devising appropriate strategies for the control and prevention of foaming. The improvements in actinomycete systematics provide a stable framework in which to study mycolic acid-containing isolates from foam, and enables the application of rapid automated approaches such as Curie-point pyrolysis mass spectrometry (PyMS) to distinguish between closely related bacteria and between members of established and novel taxa.
The primary aim of the present study was to employ a polyphasic approach to determine the taxonomic diversity amongst filamentous and non-filamentous isolates micromanipulated from foam and mixed liquor and to assess the value of pyrolysis mass spectrometry in establishing relationships between isolates presumptively assigned to the genus Gordonia.
Methods

Environmental samples
Grab samples of foam and mixed liquor were taken from a full-scale activated sludge plant and a pilot plant commissioned at Stoke Bardolph Water Reclamation Works, Nottinghamshire, United Kingdom. Details regarding the design and operation of the pilot plant are given by Davenport et al. (2000) . At the time of sampling, both the full-and pilotscale systems were baffled and operating at a sludge age of approximately 11 days. Samples transported to the laboratory were stored at 4°C and microscopic examination and micromanipulation procedures carried out within 48 hours.
Microscopic examination and filament identification
Wet mounts of activated sludge were examined by phase contrast microscopy at ×400 F.M. Stainsby et al. magnification. Replicate air-dried smears were stained using acid-fast, Gram, Neisser and Sudan black methods and observed by bright-field microscopy under oil immersion at ×1,000 magnification. Filament types were identified according to available schemes (Eikelboom and van Buijsen, 1983; Jenkins et al., 1993; Seviour et al., 1993) . The abundance of each filament type was scored on a scale between 0 (none) and 6 (excessive) using the criteria recommended by Jenkins et al. (1993) .
Micromanipulation of mycolic acid-containing actinomycetes
Aliquots (100 µl) of foam or mixed liquor, diluted 1 in 20 in sterile distilled water and mixed at ca. 50 rpm for 20 minutes, were centrally inoculated onto the surface of agar plates and allowed to dry at room temperature for 30 minutes. Several complex and chemically defined media were examined for their ability to support the growth of the micromanipulated bacteria. Individual right-angle branched filaments and rods viewed in close proximity to one another under phase contrast at ×400 magnification were isolated using a threedimensional manipulator (Narishige Co., Ltd.) mounted on the stage of an inverted microscope (Olympus Optical Co.). Each isolate was transferred to a clear section of agar and the activated sludge inocula excised aseptically prior to incubating plates at 20°C, 25°C or 30°C for up to 3 weeks. The isolates were microscopically examined at daily intervals for growth and contamination; macroscopically visible colonies were streaked onto fresh medium and Gram-stained smears checked to ensure purity.
Test strains
The environmental isolates (Tables 1 and 2 ) and representative mycolic acid-containing strains were grown in pure culture on glucose yeast-extract agar (GYEA; Gordon and Mihm, 1962) plates incubated at 30°C for 7 days. Colonial characteristics were observed with a stereo microscope, micromorphology determined by phase contrast microscopy and staining properties by Gram and acid-fast methods. The cultures were maintained as glycerol suspensions (20%, v/v) at -20°C.
Chemotaxonomic procedures
The test strains were grown in shake flasks of liquid GYE at 200 rpm for 5 days at 30°C, checked for purity, harvested by centrifugation, washed twice with sterile distilled water and vacuum freeze dried. Standard procedures were used for the extraction and analysis of menaquinones, isomers of 2,6-diaminopimelic acid (A 2pm ) and muramic acid acyl types, and for the separation and detection of fatty acids including mycolic acids .
Curie-point pyrolysis mass spectrometry (PyMS)
Activated sludge isolates and Gordonia marker strains were analysed using a RAPyD-400X pyrolysis mass spectrometer (Horizon Instruments Ltd., Heathfield, UK), according to established procedures . Each culture was analysed in triplicate with 10% of the strains cultivated and examined in duplicate to determine test reproducibility. The pyrolysis mass spectra were the subject of PCA-CVA multivariate analyses and the resultant data plotted as three-dimensional ordination diagrams representing relationships between strains which were positioned according to the mid-point between the corresponding triplicate samples (Goodfellow et al., 1997) .
16S rDNA sequence determination and phylogenetic analysis
Isolation of genomic DNA, PCR-mediated amplification, purification and direct sequencing of 16S rDNA were carried out using the procedure of Kim et al. (1998) . Almost complete sequences were automatically aligned with corresponding sequences of representatives of the suborder Corynebacterineae retrieved from the EMBL/GenBank/DDBJ databases, using the Clustal X program. The dataset consisted of information on 16 activated sludge isolates and 46 representative marker strains. An evolutionary tree was inferred from evolutionary distances (Jukes and Cantor, 1969) using the neighbour-joining (Saitou and Nei, 1987) method and bootstrap analyses based on 1,000 resamplings carried out using standard software.
Results and discussion
Microscopic examination of filamentous bacteria
Gram-positive and Gram-variable right-angle branching filaments presumptively identified as mycolic acid-containing actinomycetes formed the dominant population in both foam (abundance score = 5) and mixed liquor (abundance score = 4) samples taken from the pilot plant. These filaments were attached to flocs, free in the bulk phase and clustered together to form a mesh-work of filaments that linked adjacent flocs. Eight incidental filament types (abundance scores = 1-3) were observed in similar numbers in both foam and mixed liquor, namely, Haliscomenobacter hydrossis, "Microthrix parvicella", Sphaerotilus natans, "Nostocoida limicola" types I and II, and Types 0092, 0961 and 1701.
Presumptive mycolic acid-containing right-angle branched filaments and "Microthrix parvicella" formed co-dominant filament populations in the foam (abundance score = 6) F.M. Stainsby et al. 84 -1 ) ; BH-R, branched hyphae-rods; EB-R, elementary branching-rods; EB-R-C, elementary branching-rods-cocci; R-C, rods-cocci and mixed liquor (abundance score = 5) samples from the original full-scale plant at Stoke Bardolph (Figure 1) . A greater diversity of incidental filament types was seen in this plant than in the pilot plant. Acid-fast rods, which were abundant in both the foam and mixed liquor, occurred singly or in clusters, though acid-fast branched hyphae were not observed.
Cultivation and characterisation of micromanipulated isolates
Seventeen filaments and 7 single rods (4% of the micromanipulated isolates) were successfully grown in pure culture (Table 1) . The chemotaxonomic and morphological properties of these isolates were consistent with their assignment as mycolic acid-containing actinomycetes. The isolates were non-motile, Gram-positive, contained meso-A 2pm as the only wall diamino acid and N-glycolated muramic acid residues in the peptidoglycan. Onedimensional thin-layer chromatography of whole-organism methanolysates revealed the presence of a single spot, which corresponded with non-hydroxylated fatty acid methyl esters (FAMES), and either one or multiple spots identified as mycolic acid methyl esters (MAMES; Minnikin et al., 1980) . The isolates were putatively identified as gordoniae, rhodococci or mycobacteria and assigned to one of five groups, A to E, on the basis of colonial properties, predominant isoprenoid quinones and mycolic acid patterns.
Putative gordoniae. Partially acid-fast isolates putatively identified as gordoniae were assigned to one of three groups, A, B or C, on the basis of colonial properties observed after growth on GYEA at 30°C for 7 days. Group A isolates formed white, pale yellow to tan, irregular colonies with dry, cracked, highly convoluted surfaces, irregular margins and a dry, brittle, crumbly texture. Sparse unbranched aerial hyphae were microscopically visible and substrate mycelia that slightly penetrated into the agar were apparent in some strains. The Group B isolates formed either smooth or slightly wrinkled dry colonies with irregular, feathery margins and a flat, or umbonate elevation. The colonies were cream, grey to pale beige in colour and found to be similar in appearance to gordoniae previously isolated from activated sludge and to foam isolates identified as "Rhodococcus australis" (Table 2 ; Soddell, unpublished data). Isolate 13F23M, assigned to group C, formed pale pink, irregular and highly folded colonies, with a friable appearance but which was soft in texture. The assignment of these organisms to the genus Gordonia was supported by chemotaxonomic data; methanolysates of these isolates produced MAMES with a Rf value 0.68-0.71, equivalent to that detected in the methanolysate of Gordonia bronchialis N654 T (Rf value 0.68). In contrast, the remaining control strains gave MAME spots with lower Putative mycobacteria. Four strongly acid-fast isolates which formed rough, dry, scotochromogenic colonies with irregular edges and a flat or irregular elevation, and which lacked aerial hyphae, were tentatively identified as mycobacteria primarily on the basis of their multi-spot mycolic acid patterns as resolved by two-dimensional thin-layer chromatography. Qualitatively similar patterns were found for strains 24F5M and 2R18M; a comparatively simple pattern was shown by strains 13F4M and 77F2M (data not shown). Dihydrogenated menaquinones with eight and nine isoprene units were detected in approximately equal proportions.
Putative rhodococci. Five non-acid-fast isolates putatively identified as rhodococci formed pale pink, salmon, or deep orange low convex or umbonate circular colonies with entire or undulating edges. The surfaces were smooth with a matt or glistening appearance and slightly mucoid or butyrous in texture. Aerial hyphae were absent. Whole-organism methanolysates produced single spots that corresponded to MAMES (Rf values 0.58-0.60). A MAME spot with a Rf value equivalent to those recorded for the isolates was detected in the methanolysate of Rhodococcus rhodochrous N54 T [Rf value 0.61]). The isolates contained predominant amounts of dihydrogenated menaquinone with eight isoprene units, a chemical signature typical for rhodococci.
Phylogenetic analysis of representative isolates.
The phylogenetic relationships between representative isolates of Groups A to E and related organisms are shown in the 16S rDNA tree (Figure 2 ). It is evident that all the strains fall within the evolutionary radiation encompassed by mycolic acid-containing members of the suborder Corynebacterineae and that the phylogenetic position of each strain confirms the preliminary classifications based on the chemical and morphological features. The putative gordoniae, that were assigned to Figure 2 Neighbour-joining tree (Saitou and Nei, 1987) based on nearly complete 16S rDNA sequences showing phylogenetic relationships between activated sludge isolates, the type strains of the validly described Gordonia and Rhodococcus species, and related mycolic acid-containing taxa. Bootstrap values, expressed as percentages of 1,000 resampled datasets, greater than 50% are shown at the branching points. Genbank accession numbers are given in parentheses. Full-scale and pilot plant refers to Stoke Bardolph Water Reclamation Works. Groups A to E refer to preliminary groupings of isolates. The scale bar indicates 0.02 inferred nucleotide substitutions per nucleotide position groups A to C, form three independent lines of descent within the part of the tree occupied by Gordonia. The "Rhodococcus australis" strains, including A554 PT and A448 (Ferreira and Tracey, 1984) , also form a monophyletic branch within the Gordonia clade together with representative Group B isolates and putatively novel gordoniae from Wanlip Treatment Plant. Strain 13F23M (Group C) forms a monophyletic line with strain J4 which was isolated from a foaming activated sludge plant in Australia . The putative mycobacteria isolates 2R18M and 24F5M (Group D) form a tight monophyletic clade that is most closely related to M. fortuitum (X52933). Representative isolates from Group E, C2R and C9R, share a high nucleotide similarity with R. globerulus (X80619). These relationships between the isolates and validly described taxa are supported by high bootstrap values. The levels of 16S rDNA similarity found between the representative isolates and their closest validly described neighbours are comparable with those found between the nucleotide sequences of validly described species of the genera Gordonia, Mycobacterium and Rhodococcus. These data suggest that each clade represents a potentially novel line of descent, containing one or more new species.
Curie-point pyrolysis groupings. Pyrolysis mass spectrometric analysis was employed to examine relationships between the gordoniae isolated both in the present and in an earlier investigation, "Rhodococcus australis" strains (Table 2 ) and validly described Gordonia species. Excellent agreement was found between the results of the triplicate analyses of each culture and between that of the duplicated strains (data not shown). It is evident from Figure 3 that the type strains of the validly described Gordonia species are clearly separated both from each other and from the activated sludge isolates. Micromanipulated isolates assigned to Groups A to C using chemical, molecular and morphological criteria were also recovered in corresponding pyro-groupings. The micromanipulated strains did not cocluster with strains previously isolated from the full-scale plant at Stoke Bardolph. The latter form a cohesive cluster separate from valid Gordonia species as demonstrated in the 16S rDNA tree and in a previous numerical phenetic study . The power of Curie-point PyMS as a rapid and reproducible chemical fingerprinting method for the characterisation of mycolic acid-containing actinomycetes isolated from foam has been demonstrated previously Figure 3 Ordination diagram showing relationships between gordoniae micromanipulated from foam and mixed liquor (assigned to Groups A, B and C), representative gordoniae previously isolated from Stoke Bardolph and Wanlip Treatment Plants, strains identified as "Rhodococcus australis" and the type strains of validly described members of the genus Gordonia. The plot is based on the first two canonical variates of the principal component-canonical variate analysis which accounted for 79% and 9% of the total variation between strains4
Conclusions
• The polyphasic taxonomic data provide further evidence that there is an immense diversity of mycolic acid-containing actinomycetes, encompassing both recognised and untold numbers of novel taxa, associated with activated sludge foams and highlight the limitations of the microscopic approach to filament identification.
• The isolation and identification of non-filamentous mycolic acid-containing strains emphasises the need to examine the role of these organisms in the formation of foam.
• The recovery of strains belonging to mycolic acid-containing genera besides Nocardia stresses the need for taxonomically correct nomenclature when referring to branched filaments associated with foams. The term mycolic acid-containing actinomycetes would appear most appropriate.
• The polyphasic taxonomic data paves the way for the formal description of several novel Gordonia, Mycobacterium and Rhodococcus species associated with activated sludge foam.
